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Abstract

In radar transmitter systems, high power amplifier design along with the high
power divider/combiner for parallel amplification is one the most critical area. To
design the high power divider/combiner, high power handling capability with low
insertion loss and high isolation are necessarily required. In addition, impedance
matching design of power amplifiers throughout the operating frequency band is
also a great challenge in radar transmitter design. This research aims at designing
and implementation of an equal split 16-way Wilkinson power divider/combiner at
a frequency range of 2700 to 3000 MHz. Furthermore, transistor input and output
impedance matching networks are designed and simulated using Advance Design

System (ADS) software.

The circuitry hardware is implemented on Rogers RT /Duroid 5870 substrate and
simulated in ADS 2016. With simulations, 16-way divider/combiner exhibits in-
sertion loss between -12.181 dB to -12.50 dB, Return loss better than -18.656 dB
and Isolation more than -25 dB over the entire frequency band of 2700 MHz to
3000 MHz is achieved.

In the next phase, 75W PH2731-75L is selected as RF' transistor whose impedance
matching networks are designed and simulated in ADS. In simulations, Return
Loss better than -18dB for input matching and better than -16dB for output
matching network is achieved in simulations. After achieving the desired results
in simulations, layout is designed for fabrication. After fabrication, module is

tested and the measured results are compared with the simulated results.
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Chapter 1

INTRODUCTION

1.1 Background of Radar

Radar is an acronym of radio detecting and ranging. Radars basic principle of
operation is similar to the principle of sound wave reflection. Time required for an
echo is representative of target range, i.e. the distance from person to target [1].
Distance may be calculated by basic formula, distance = velocity x time. Radar
uses electromagnetic (radio frequency) energy pulses as shown in Figure 1.1. Radio
frequency energy is emitted by transmitter and object in path reflects back the
pulse to radar antenna. Returned energy is also known as echo, and direction and

distance is calculated by radar using echo coming from reflecting object [1].

Antenna
Propagation
_—
-
1 —
Target
Cross
T / Section
. Reflected
Tra;s:‘nltted Pulse
u Se {iiecholl}

FIGURE 1.1: Radar Principle [1]
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1.2 Main subsystems of Radar:

The main subsystems of Radar are classified as follow:

1.3 Antenna:

RF energy from the transmitter is radiated through antenna subsystem. Antenna
subsystem radiates RF energy in a directional beam and collects the returning
echoes. Returned echos are transferred to the receiver with a minimum loss. An-
tenna subsystem includes the antenna, waveguide and transmission lines from the
transmitter to radiating antenna, and the transmission line and waveguide from
the antenna to the receiver. Sometimes the duplexer is also considered as a com-

ponent of the antenna subsystem.

1.4 Receiver

Weak echo signals from the antenna system are fed to the receiver that amplifies,
detects the pulse envelope, amplifies the pulses, and then routes the signal to
the indicator. Primary feature of the radar receiver is to convert high frequency
signal received back to a lower frequency that are easy to amplify. This is because
radar frequencies are very high and are difficult to amplify. Lower frequency is
called IF (Intermediate Frequency). Type of receivers, which performs frequency
conversion, are called super heterodyne receivers. Utilization of Super heterodyne
receivers in radar systems must ensure best stability and extremely high sensitivity.
Stability is confirmed by carefully designing the overall sensitivity, which is greatly

increased by the use of multiple IF stages
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1.5 Transmitter

The transmitter of radar generates high power electromagnetic pulses at a specific
time intervals. Said high power is achieved by using a high power microwave
oscillator, such as a klystron, magnetron or a microwave solid-state amplifier. The

most important parameter of any radar transmitter is its power amplifier portion.

1.6 Power Amplifier

RF power amplifiers are a type of electronic amplifier that converts a low power
RF signal into a higher power RF signal. RF power amplifiers drivers are the
main component of radar transmitter. Designing goals are often, power output ,
high bandwidth, power efficiency high gain, , linearity, heat dissipation and input
/ output impedance matching, and. The main portion of any radar transmitter
is its power amplifier stage. To achieve the desired power which is normally in
kilowatts, multiple RF power amplifiers are used in parallel topology. When mul-
tiple RF amplifiers are implemented in parallel topology, the use of high power
divider/combiner becomes critical. Therefore the two things which are the most

critical in high power radar transmitter are:

(a) RF amplifier Designing

(b) High Power Divider Combiners

The important parameter in designing RF amplifier is its input and output impedance
matching. RF amplifier key parameters like maximum power transfer, return
loss are related to impedance matching. Amplifier optimum power rating can be
achieved if its input and output impedance matching is done properly. Better the
impedance matching better will be the performance of amplifier and it can be used
in its optimum power rating. If impedance matching is not properly implemented
it may result in producing standing waves and amplifier optimum rated cannot

be achieved. The power divider and combiner plays a vital role in RF circuitry of
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present day solid state transmitters. Power Dividers and combiners can directly
influence the RF amplification and output power of the transmitter. The role of
high power divider/combiner becomes very critical when large number of power
amplifiers implemented in parallel topology. Parameters like Insertion loss, Re-
turn Loss, Isolation, Power handling is very important while designing high power

divider/combiner.

1.7 Problem Statement

When designing RF power amplifier, transistor input and output impedance match-
ing becomes very critical. To achieve the optimum input & output Return Loss
across the complete frequency band is very challenging. Size of matching net-
works is also needs to be considered due to the constraint of limited available
space. Power divider / combiner is a critical part of a solid state transmitters.
To achieve linearity between all the output ports of divider/combiner is very chal-
lenging along with other parameters like Return Loss, Isolation between the ports

& Power handling. Size limitation is also the constraint.

1.8 Objective

The objective of this research is to design, simulate, fabricate and analyze the 16
way power divider/combiner in power amplification stage of S-band radar. The
operating frequency band is from 2700MHz to 3000MHz. For 16way divider com-
biner, amplitude linearity better than 0.75 dB is of prime interest. Furthermore in
implementation of input and output impedance matching networks of RF power

transistor, input and output Return Loss better than -10dB is also desired.
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1.9 Summary

In this chapter, the research background, problem statement and objective is
stated clearly so that the reader could have a clear understanding about this

research.



Chapter 2

RF POWER DIVIDERS /
COMBINERS AND POWER
AMPLIFIERS

2.1 Introduction to Power Dividers / Combiners

Power couplers/dividers are microwave components, passive in nature and are used
for power combining or power division. In power division, an input signal is divided
into two or more signals of lesser power. There are several types of microwave
power dividers on the basis of the functions they perform such as Wilkinson power

divider, T-junctions, ring coupler & hybrid junctions.

2.2 Types of Power Dividers / Combiners

Some of the existing techniques for power divider and combiner are studied and

mentioned below:
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2.3 Wilkinsons Power Divider (WPD)

Wilkinsons Power Divider (WPD) is a three-port microwave passive device and
has the advantage of being matched at all ports and lossless. Wilkinson PCDs
established A/4 wave transformers to match the split ports to the common port.
This is a popular power divider / combiner technique since it is convenient to
implement therefore it has few extremely useful properties such as, it provides large
isolation and matched at all ports, it provides reciprocity and it is lossless when all

output ports are matched. A 2-way Wilkinson power divider uses A/4 impedance

FIGURE 2.1: Basic Wilkinson Power Divider (Microstrip form) [2]

transformation with characteristic impedance of v/2Z, and a lumped isolation
resistor of 27, with three ports matched, high isolation between all the output
ports is achieved [2]. The design of a 3 dB equal split Wilkinson power divider is
often made in stripline and microstrip technologies, depending on requirements.
The designs considered in the present research is microstrip based, as depicted
above in Figure 2.1. The equivalent transmission line network is given in Figure

2.2.
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FIGURE 2.2: Equivalent Transmission Line Circuit [3]

2.4 Hybrid Couplers

Hybrid coupler is a 4 port, 90 degree device which can be utilized in both equally
split networks were an input signal is required to be split in two paths with phase
shift of 90 degree in-between them, or it can be used to combine two signals by
keeping high isolation between them. 90-degree Hybrid couplers gives benefits of
low insertion loss, less VSWR and comparatively high power rating in a small

dimensions as per requirements. The basic type of a hybrid coupler is given in

3d8 3dB
0" 0

IN IS0

FIGURE 2.3: Basic Type of Hybrid Coupler [3]

Figure 2.3, which depicts two crossed lines of transmission having a length of \/4
wavelength, with center frequency of operations. While power is given at the input
port, the 3dB (half power) flows to the first 0° port and the remaining half power

goes to the 90° port (in the opposite direction). Reflections from mismatched
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network goes back at the output ports and further goes directly to the ISO port or
get cancelled at the input port. That is the reason why hybrid couplers are widely
used for splitting high power signals in many applications where requirements

exists of rejecting unwanted reflections that can easily damage the driver devices.[3]

2.5 Limitation of Hybrid Couplers

Hybrid couplers cost, size, interferences and limited bandwidth are most of the
time biggest drawbacks/ limitations in their implementation. Keeping in view
these limitations, developers are required to provide a vast set of designs to satisfy
multiple frequency bands. It must be noted that 90° hybrid couplers if used as an
improved design have to be tuned at some specific frequency, as per the system

requirements. [3]

2.6 Hybrid Ring Couplers

Hybrid Ring Couplers (3 dB) with 0° and 180° splitted ports are also known as
‘rat-race coupler’, it is designed and capable for high power applications, hybrid
ring like four port devices are generally optimized to sum up two inphase signals
with no loss or used to equally split an input signal with less difference in phase
between inputs and outputs and fourth port is terminated. It is also possible that
the hybrid ring coupler may be configured as 180° phase shifted, dividers output
or otherwise to sum two 180° phase shifted signals combined with no or very less

loss. Fourth port is thus terminated [3].
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1414 Zg, 3344

Vin 0.707 Vin=90
(port 1) (port )

14147, 1414 Z,,
M4

0707 Vin<-90
(port 4)

(port 3)

FIGURE 2.4: Rat-Race or Hybrid Ring or Coupler (with equal power split) [4]

2.7 Limitation of Hybrid Ring Couplers

The main limitation of the hybrid ring couplers is that it is not symmetric on all
its ports, by selecting different ports as an input it is not mandatory that it will

give same results.|3]

2.8 Comparison of Different Power Dividers/ Com-

biners

Dividers and combiners have a wide variety available. They come in waveguides
and strip line which may have in phase or out of phase output, can have equal
power division or unequal. So the requirement of application where it is to be used
decides the specification. In this research, different designs of a power divider/-
combiner which can meet the specifications given in Table 2.1. Multiple designs
were studied to implement a power splitter/ combiner which can full fill given
requirements, following pros and cons table was made to choose the most feasible

design among them:
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Design Pros and Cons
Name
Lossless  T- | Pros: Lossless, matched from input, can be used
Junction to make equal split 16-Port power divider, can be
(POZAR matched looking into input port
2011)[4] Cons: No isolation in between the output. ports,
mismatch looking into output. ports, susceptance
at junction makes it narrow band Resistive
(POZAR Pros: Lossless, can be matched from input and
2011)[4] output, can be used to make equal split 16-Port
power divider
Cons: Lossy, no isolation between output ports
Wilkinson Pros: Lossless®, matched, perfect isolation, easy

Power Di-
vider As a

implementation of equal split 16-Port power di-
vider

Proposed Cons: Uses lumped resistor for isolation
design
Gysel Pros: High isolation between output ports, Low
(S.Banu insertion loss, Matched conditions at all ports,
2012)[5] high power-handling capability, monitoring capa-
bilities. for imbalances at the input .ports
Cons: Low bandwidth, multiple resistors(resistive
losses), relatively larger in size than WPD
Wilkinson Pros: High isolation between. output ports, Low
Power Di- | insertion loss, matched conditions at all ports,
vider (DIN | High bandwidth
APRIL Cons: Three cascaded sections of WPD for 2x1
2007)[6] port splitter with a lumped inductor and capaci-
tor in last section,
Coupled Pros: High isolation between. output ports Low
with Open | insertion loss**, | matched conditions at all ports,
Stub  Line | High bandwidth
(S. C. Siva | Cons: A 2x1 port splitter requires four quarter
Prakash wavelength coupled lines and two resistors, much
MAY larger in size than simple WPD, more insertion loss
2015)[7] in comparison to WPD
WPD using | Pros: Low insertion loss, high isolation between
Stepped output ports, High bandwidth, compact
Impedance | Cons: A 2x1 port splitter requires two open stubs
and Shunt | and one resistor
Open Stubs
(Soman
n.d.)[8]
TABLE 2.1: Pros and Cons of different Power Divider Design
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* When the signals at port 2 and 3 are in phase and have equal magnitude

** In comparison to majority high bandwidth power dividers

First two designs of Table 2.1 does not provide isolation between the output ports,
along with this T-junction has mismatches while looking into output ports and
resistive divider is matched from all the ports but it has losses, therefore these two
designs were rejected in preliminary examination. Literature suggests that rest of
the five designs full fill all the desired specifications so there was a tough competi-
tion between them. The last four designs are the Wilkinson Power Divider. Gysel
(S.Banu 2012)[5] power divider has been designed for high power applications, it
uses two additional shunt resistors for power dissipation which makes it more diffi-
cult to fabricate in strip line, and it is also relatively larger in size than Wilkinson
Power Divider. Moreover, the given specifications does not include high power
requirement, therefore this design was rejected. Another modification of Wilkin-
son Power Divider, modified power splitter (DIN APRIL 2007)[6] was originally
designed for Radar and electronic intelligence system where wide bandwidth is
required for frequency hopping and frequency sweeping. It has high bandwidth,
excellent isolation between output ports and low insertion loss but for 2x1 port
splitter it has three cascaded sections of Wilkinson Power Divider and an inductor
and a capacitor in the last section. For 16x1 port transmission their size will be
much larger than the simple Wilkinson Power Divider. Similarly, last two dividers
of Table 1 are modified to increase the operational bandwidth which make them
either difficult to implement or larger in size with increased insertion loss than

original Wilkinson Power Divider.

To keep the design simple which full fills our requirement, simple to understand
mathematically and intuitively, and easy to extend to 16x1 port design while
fulfilling the given requirements, Wilkinson Power Divider was selected to design
and simulate in ADS. It also has excellent characteristics of matched impedance
at all ports, lossless (for equal and same phase power), good isolation, compact,

and can easily be fabricated using cost effective readily available materials.



RF POWER DIVIDERS / COMBINERS AND POWER AMPLIFIERS 13

2.9 Wilkinson Power Dividers/ Combiners as a

Selected and most Feasible Design

Wilkinson Power Divider is the most feasible design because it is the simplest
and easiest power divider which satisfactorily meets all the specifications given in
Table2.1. The Wilkinson power divider may be considered the best, because of
its optimizable characteristics over defined band. This design also demonstrated
a higher port to port return loss, a higher isolation value and the straight quarter-
wavelength transmission lines, which is easy to design. In any case, each of this
design provides improved performance over the hand-made design, especially con-
sidering equal-split power division as the main goal. Basic design parameters of
Wilkinson power divider and figures of merit are analyzed, calculated for the design

and fabrication as given in chapter 4 of this research.

2.10 Power Divider/Combiner Figure of merits

The performance of the Wilkinson divider/coupler is commonly evaluated by the

following figures of merits:

2.10.1 Return Loss

Return loss of a device is defined as the ratio of reflected power to incident power
at its input. Since the power is proportional to the square of the voltage at that
point, it may be found as shown below. Generally, it is expressed in dB as shown

in Equation 2-1.

Return loss at port 1 and 2
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2.10.2 Insertion Loss

The term Insertion Loss is defined as the ratio of output transmitted power i.e
power available at the output ports to the incident power at the input port. Trans-
mitted power is equal to the difference of incident and reflected powers for a netwrk

considered lossless. The insertion loss can be calculated by using Equation 2-2.
ILQg[dB] = —20[09|523| (22)

Isolation between port 2 and 3

2.10.3 Isolation

The term isolation is given as the ratio of a signal entering output port number
1 that is measured at output port number 2, with the assumption that all other
ports are impedance matched usually matched on 50. Generally value of isolation
better than 15 dB are taken as good, however Wilkinson power dividers, can give

isolations better than 20 dB. Equation 2-3 for isolation is given below:

Isolation or Coupling between portsl and 2

2.11 RF Power Amplifiers

RF power amplifier is a one of the types of amplifiers used in electronics that
functions by converting less power RF signal into a signal of relatively higher
power. Generally, in radar engineering Radio Frequency power amplifiers are
used in transmitters to drive the RF energy from antenna. Goals to design RF
power amplifiers are often gain, bandwidth, output power, linearity (low. signal.

compression. at rated output), power efficiency at input and impedance matching
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at output and heat dissipation. Requirement of designing the RF amplifiers in
radar transmitters can be to produce thousands of kilowatts of output power, to

achieve maximum coverage range of radar system. [9]

2.12 Radar Power Amplifier Technology Overview

At the end of the 20th century, the dominance or the rise in the use of semicon-
ductor devices in electronics applications was made possible. Similar is the case
with application of radar power amplifiers. Initially the Vacuum Electron De-
vices known as VEDs or electronic tubes were used as a Power Amplifiers devices.
VEDs can output power in megawatts even at very high frequencies i.e. from 1
GHz to 100 GHz. The most common applications of VEDs in radar technology
are Klystrons, TWTs (Traveling Wave Tubes), Gysrotrons and Magnetrons. TWT
tubes when used as amplifiers in radar transmitters can provide amplification in
multiple kilowatt peak output power with high bandwidth and can support of
high frequencies, Moreover TWTs can be rugged and have high reliability factor
in terms of usage. Furthermore as compared to TW'T amplifiers, Klystron based
power amplifiers (KPA) are even better, as they provide better. efficiency. About
two decades ago usage of semiconductor based power amplifiers also known as
solid state power amplifiers or SSPAs has started to replace the tubular design of
amplifier especially in radar transmitter applications due to their better efficiency

in design and cost effects. [9]

2.12.1 Solid State BJTs vs TWT Technology Differences

Traveling wave tube amplifiers also known as TWTAs is relatively older technology
however these kind of amplifiers are still in use in some radar application and
considered as a beneficial solution. On the other hand solid state amplifiers comes
in many sizes and shapes , and can achieve high output power levels in small

packages such as BJTs. The clear differences between the solid-state amplifiers



RF POWER DIVIDERS / COMBINERS AND POWER AMPLIFIERS 16

such as BJTs and TWTAs are in terms of power output, power supplies, overall
size and packaging. With the understanding of the differences between the two
amplifier technologies one can choose amplifier for a required application. Size and
weight are the most prominent difference between TWT and solid-state amplifiers.
Moreover, power supplies in BJTs have become considerably more compact as

compared to TWTAs power supplies [10].

2.13 Impedance Matching

Impedance matching is the technique of designing the input and output impedance
of an. electrical load and source in such a way to maximize the power output and to
minimize. reflections. Impedance matching is not only used in electronics but also
used in photonics where impedance is equivalent to refractive.indices, acoustics as

well as in.mechanics [11].

Matching Network

A+jB

Zsource
ZLOAD

C+jD

FIGURE 2.5: 4 Basic Diagram of Impedance. Matching

2.14 Impedance Matching Using Smith Chart

Smith chart consists of impedance (Z) or admittance (Y) circles with constant

resistances, and curved lines also known as a persistent reactance segments. The
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numbers on the chart are normalized to the goal impedance i.e. 50 Ohm [12]. The

admittance chart and resistive chart are given in Figure 2.6.

FIGURE 2.6: Admittance Chart (Y Smith) and Resistance Chart (Z Smith)

2.15 Micro-Strip Technology Overview

Since we are using microstrip technology in our proposed design, therefore brief
introduction on microstrip technology is explained. A microstrip transmission line
is a ‘high grade’ printed circuit structure, which consists of conductor or other track
of copper on an insulating substrate. On the other side of this insulated structure,
lies the ‘backplane’. This plane is formed from the similar conductor employed to
make transmission line [13]. The microstrip line width can be calculated as follow

in equation 2.4:

2
p Z, ml s 4h [ 1442 4h+ 14+ 2 4p N 21+§
microstrip — ——— (N me—"r
o 2T+ e) wepr | 11 wepy I wepy 2

(2.4)

Where, weysy is the effective width, which is actual width of the strip, moreover a

correction to account for the non zero thickness of the conductor. The effective
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width is given by-

1+ 4e,
weff=w+t—=In ‘

2 9 2
\/ (5)° + (3arker)

The characteristic impedance Z; is also a function of the ratio of the height to the

(2.5)

width w/h (and ratio of width to heighth/w) of the transmission line. According to
Bahl and Trivedi I. [17], the characteristic impedance Z;, of microstrip is calculated
by:

when= (%) <1

Zo = -9 10 (8" 4025 (ohms) (2.6)
VWeff w h

when= (%) > 1

p 1207
0 =
\/weff X [%+1.393 4 3In (¥ + 1.44)]

(ohms) (2.7)

This equation is helpful in order to roughly calculate the width of microstrip line

matched to the port.

2.16 Summary

In this chapter, different RF Power Divider/Combiner techniques have been dis-
cussed briefly. Advantages, features and applications of Wilkinson based power
divider/ combiner circuits make it very versatile and excellent choice for a designer
to use in the development of efficient, high power Final stage Power Amplifier for
radar transmitter applications. RF power amplifier design and its impedance
matching through smith chart are also explained at the end so the reader can
understand the theory behind implementation of 16:1 Wilkinson power divider/-

combiner and amplifier design using smith chart for its impedance matching.



Chapter 3

LITERATURE REVIEW

This chapter gives an overview of 1:16 power divider/ combiner with amplifier
design to transmitter output RF power of 1kW and its technological trends are

presented in literature.

3.1 Compact Dual Band Wilkinson Power Di-

vider

Said paper presents the design of a Wilkinson power divider compact in size and
for two applications. The compact dual band Wilkinson power divider uses trans-
formation section of the quarter wavelength for power divider with no short circuit
stubs via holes. EM simulators are used to analyze said dual band power divider
and then its is fabricated at frequency range of 1.8 and 4.5 GHz. The designed
compact dual band Wilkinson power divider is designed on RT /Duroid 5870 sub-
strate. The measurements of the designed compact dual band Wilkinson power
divider shows that it is comparable to simulated results .Achieved coupling is -3
dB with a little variation. less than 0.65 dB[14]. The results for simulated and
measured values of return loss S11 are given in Figure 3.2. The simulated and

measured results of insertion loss (521, S31) are given below in Figure 3.3.

19
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Sy (Measured)

0.6 1.2 1.8 2.4 3 3.6 4.2 4.8 5.4 6
Fraquency (GHz)

FIGURE 3.2: Simulated and measured return loss (S11) [14]

§,,(Measured)

S,,(Simulated)

S-Parameters (dB)
&

0.6 1.2 1.8 24 3 36 4.2 4.8 54 L]
Frequency (GHz)

FIGURE 3.3: Simulated and measured insertion loss (521, S31) [14].
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3.2 DModified Wilkinson Power Divider 1 to 4
at S-Band as the Part of Smart Antenna
for Satellite Tracking, Telemetry, and Com-

mand Subsystem

In this research paper the smart antenna system for the purpose of satellite track-
ing, telemetry, and command subsystem is proposed. Designed Wilkinson Power
Divider has 3 ports and 5 ports. In 5 ports design it gives 4 output ports and same
can operate on a frequency range of 2.3 2.45 GHz with the insertion loss of each
port less than -8 dB. The theoretical maximum value is calculated to be -6 dB as
the proposed power divider works by dividing power in ratio of 1:4. The Figure 3.4

given below depict the fabricated version of proposed power divider [15]. Figure

il

i]”}:::'i : i
c!'n'] |g] 1'3 14

a2 ywci 1

FIGURE 3.4: Fabricated Power Divider 1:4

3.5 gives Return Loss S11 in dBs and Figure 3.6 below depicts insertion lossS31
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in dBs of the proposed design.

Simulation
Measurement

2

Frequency (GHz)

.5

FIGURE 3.5: Return Loss (S11) dB [15]

S21 (dB)

“| = Simulation
""""" Measurement |

Frequency (GHz)

25

FIGURE 3.6: Insertion Loss (S31) dB [15]

are given below in Figure 3.7.

o
=
.é.“_: — Simulation S11
g ---------- Measurement S11
&: T - — SimulationS2¢ (A % £ i
(7, 2 I Measurement S21
= Simulation S31
""""""" Measurement S31
20 beenne — Simulation S41 | _
""""" Measurement S41 :
- Simulation S51 :
"""" - Measurement S51
-25 ! i
15 2 25 3

FIGURE 3.7: Measured and Simulated Results

Frequency (GHz)

Loss [15]

of Return Loss and Insertion

Comparison of Measured and simulated results
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3.3 A New N-Way Power Divider/ Combiner

Suitable For High-Power Applications

The N way Divider and Combiner technique is an extension of Wilkinson type
power divider/ combiner. In this paper the difficulties realized in implementation
of the original Wilkinson power divider/ combiner are improved upon by addition
of an high power resistive isolation loads. It gives conveniently designable geome-
try and monitoring capabilities of differences at the output ports. A proposed 1:8
way power divider/ combiner has been built with center frequency of 1.15 GHz.
Measured results in comparison with the simulated results shows a good coher-
ence. However measured results depicts higher VSWR, insertion loss and isolation
between the ports, therefore said design cannot be implemented for the present
research. The figures below shows the N-port and 4-port network as described in
this paper. The Figure 3.8 depicts proposed High power N way divider / combiner

and Figure 3.9 shows equivalent circuit of four port divider/ combiner [16].

N-QUTPUT N-LOAD
PORTS PORTS

FIGURE 3.8: High-Power N-Way Combiner [16]
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N1
OUTPUT PORTS

N-1
LOAD PORTS

% B
N-1 N-1

Vet {N-1) Vo

LOAD PORT

OUTPUT PORT

FIGURE 3.9: Equivalent Circuit of Four-Port for the Divider /Divider/ Com-
biner[16]

3.4 Design and Analysis of Various Wilkinson

Power Divider Networks for L Band Appli-

cations

In this paper different Wilkinson Power Divider Networks by using stepped mul-
tiple sections of the conventional Wilkinson Divider designs are presented. The
chosen range of operating frequency is 1.25 GHz to 1.45 GHz. Since the selected
frequency range lies in the L band, these power dividers can be used as antenna ar-
rays feeding networks in the L band. The proposed design for 2:1, 4:1, 8:1 and 16:1
Wilkinson Power Divider Networks are simulated, fabricated and verified. Figure
3.10 shows fabricated version of 8:1 Wilkinson power divider[17]. Designed
Wilkinson power divider/ combiners for 2:1, 4:1, 8:1 and 16:1 as presented in the
present paper shows that all output ports have almost equal power division and
it gives very good isolation between the output ports at the required frequency

range i.e.1.25-1.45 GHz[17].
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FIGURE 3.10: Fabricated 8:1 Wilkinson Power Divider [17]

FIGURE 3.11: Shows Simulated Version of 16:1 Wilkinson Power Divider



LITERATURE REVIEW 26
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FIGURE 3.12: Simulated 8:1 Wilkinson Power Return Loss Plot [17]
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FIGURE 3.13: Simulated 16:1 Divider Return Loss Plot [17]

3.5 Design of A Dual Band Power Divider us-

ing Meander Line Technique Frequency 4928
MHz and 9856 MHz for Radar Application

In this paper design of Wilkinson power divider for dual band application by using
dual impedance transmission line with stubs is presented. Meander pattern design
is selected and implemented to reduce the overall size of the device. Simulated
of the proposed design was done by using ADS 2011.10 software and then it is
fabricated on Roger Duroid 5880 substrate. The simulated results depicts the
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insertion loss (S12 and S13) of -3.17 dB at frequency spot of 4928 MHz and -
4.1 dB at frequency spot of 9856 MHz. At frequency of 4928 MHz the isolation
S32 is better than -21 dB input return loss (S11) is less than -16 dB and output
return loss (S22 and S33) where less than -17 dB and at frequency of 9856 MHz
isolation is less than -27 dB isolation is less than -15 dB and output return loss
is -22 dB. Figure 3.14 depicts the simulated design of proposed wilkinson power
divider[18]. On both frequencies of 4928 MHz and of 9856 MHz the proposed dual

-— 2T 6

54 mim

1. L L= T e

*

FIGURE 3.14: Simulated Design of Two-Way Dual Band Power Divider [18]

band Wilkinson Power Divider have an acceptable isolation and insertion loss, and
also produce a better return loss of input and output ports. Proposed dual band
power divider can further be improved in terms of isolation. The proposed design
is the initial step using simulation software and it can be fabricated and utilized in
many customized applications such as Low Probability of Intercept (LPI) Radars.
Figure 3.15 show reflection S1lof input and output ports and Figure 3.16 shows

simulated results of insertion loss and isolation [18].
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freq=4.930GHz freq=9.860GHz

dB(S(1,1))=-16.182 dB(S(1,1))=-15.004

dB(S(2,2))=-17.411 dB(S(2,2))=-22.221

dB(S(3,3))=17.481 dB(S(3,3))=-22.450
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freq, GHz

FIGURE 3.15: Simulation results of input and output ports [18]
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FIGURE 3.16: Simulation results of insertion loss and isolation[18§]

3.6 Summary

Research on power dividers/ combiners and amplifier circuit design reveals that
insertion loss is a critical parameter. While designing power dividers and combiners
improvement of insertion loss is of paramount importance keeping gain, flatness
over the complete frequency band. The size of the circuit required for the specific
application and designing it to optimize intersection loss and other performance
parameters including gain linearity, phase and amplitude balance over the required

frequency band are critically important.



Chapter 4

DESIGN, SIMULATIONS AND
MEASUREMENTS

4.1 Introduction

In the first part of the chapter, design approach and its utilization in the develop-
ment of high power 16 way Divider / Combiner is discussed in detail. ADS-2016
is used for simulations and layout designing. In the final part of the chapter, tran-
sistor impedance matching is implemented using smith chart utility tool available
in ADS-2016 [19]. Advanced Design system (ADS) 2016 from Agilent is used to
validate the working principle. With the help of simulation results, it is proved
that the proposed design of 1:16 power divider/ combiner provides insertion loss
of -12dB with amplitude variation better than 0.75dB. After fabrication scatter-
ing parameters of proposed design are measured with the help of Agilent vector

network analyzer part number E5071C.

4.2 Working Principle

The main objective of proposed research is to amplify 250 W power into greater
than 1KW through 16 RF transistors in parallel topology[20]. Transistor selected
29
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in this design is PH2731-75L [21] since it has a capability to provide output power
of 75W in 2700 MHz to 3000 MHz band. Input to the individual amplifier is
around 15W. Input available from preamplifier is around 250 W which is divided

in the ratio of 16 to drive each amplifier.

Output from each amplifier is combined through high power 16-way combiner.
Combined output power is greater than 1KW. The power divider / combiner used
in the proposed design is based on Wilkinson theory as discussed in chapter 2.

Working principle is illustrated in Figure 4.1. The proposed design can be divided

— 75W ==
75W
250W > 1
Pre Amplifier }— ; — iw’
— E 75W =
POWER DIVIDER AMPLIFIERS POWER COMBINER

FI1GURE 4.1: Working Principle of Proposed Transmitter Design

into two main parts:

(a) 16 Way power divider/ combiner.

(b) Transistor Input and Output Impedance Matching design.

At first the 16-Way Power Divider/ Combiner Design is discussed
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4.3 Design Considerations

4.3.1 Substrate Selection

Roger RT/duroid 5870[22] substrate is used in the design as it offers low loss for
high power amplification and its cost effectiveness. Main specifications of substrate

is available in table 4.1.

Material Roger RT /duroid 5870
Dielectric constant 2.33

Substrate Thickness 0.787 mm

Loss Tangent 0.0012

Copper Thickness 35um

Thermal Conductivity | 0.22 W/K*m

TABLE 4.1: Substrate Specifications

4.3.2 Transmission Line Power Handling

Transmission line power handling is computed using Rogers microwave impedance
calculation tool[23]. Since proposed amplifier is providing peak output power of 1
KW with 10 percent duty cycle so the average power is around 100W. From the
figure 4.2, it can be seen that micro strip transmission line can handle power levels

up to 500W average power.

4.3.3 Power Handling Capability of Microstrip Line

A detailed analysis for calculating the power handling capability of micro strip
lines is discussed in this paper. It describes that the power handling capability of
microstrip lines is limited due to the factors including heating caused by ohmic and
dielectric losses. The average power handling capability is limited due to increase
in temperature in conductor and its dielectric losses. Where-as the peak power

handling capability is limited due to breakdown between the strip conductor and
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e

Microstrip

Transmission Line Information

1/4 wavelength = 0.053 meters
1/8 wavelength = 0.026 meters

Open Single End Fringing = 0.3683 mm
Skin depth in copper is = 2 087e-006 meters

Phase Velocity:
2133e+008 meters/sec.
8.397e+009 infsec.
0.711 Speed of light

Time Delay =119.09 ps
Phase Delay = 42 875 degrees

Temperature rise per RF Power is 0.1911 C/W
An applied power of 523.1W, will cause a 100C rise above ambient

w

FIGURE 4.2: Transmission Line Power Handling Using Line Calc. Tool

ground plane. The parameters which affect the average power handling capabilities

of microstrip line includes :

(a) Transmission line losses

(b) Thermal conductivity of the substrate material
(c) Surface area of the conductor strip

(d) Ambient temperature of the surroundings

A typical microstrip line is shown in the figure 4.3 in which,

h = Substrate thickness
t = Strip Conductor Thickness
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strip conduclor

FIREFRES R BTETERRTES RS S BT EEEE.

ground plane

FIGURE 4.3: Microstrip Substrate[24]

W = Strip Conductor Width

The following relation can calculate the average power handling capability

Pzwg = (Tmam - Tamb)/AT (41)

AT= Rise in Temperature per Watt
Traz=Maximum Operating Temperature
Tomp=Ambient Temperature The rise in temperature is given by the following

relation

h (AP, AP,
AT = — 4.2
K ( A 2Weff) 42)

Where K = Thermal Conductivity of Substrate

h = Thickness of strip conductor

APe —1— 6(—0.230304(;) (43)

Where a, (%B) is the attenuation coefficient due to loss in the conductor strip

Calculation of attenuation coefficient due to conductor strip given by the relation

dB\  S.686R,
(9B 1.4
“ <m) Z,W (44)
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Rs:,ﬂﬁﬂo (4.5)
g

APd -1 — 6(70.230301(1) (46)

dB

Qy (ﬁ) is the attenuation coefficient due to dielectric loss

The relation gives calculation of attenuation coefficient due to dielectric loss

dB\  27.3\/&tand
o (_> _ 21.3y/&tand (4.7)
m Ao
1207h
W, = 4.8

Where e =effective relative permittivity

Wepr(0) =W

Wert =W =00 (7, (49)
where
Z
ﬂa=:§ﬁﬁ (4.10)
377h
Werr(0) = 7e (4.11)

4.3.4 Power Handling Capability of Rogers 5870 LM

The properties of rogers 5870 substrate are given as following :
Thermal conductivity K = 0.2W/m.C

Characteristic Impedance Z = 5052

Operating frequency f = 2800M H z

Thickness of sheet h = 0.000787meters
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Dielectric Constant ¢, = 2.33

Width for 50€2 transmission line W = 0.00322m

Loss tangent for FR4 tand = 0.0012

Relative permittivity p, = 47 * 1077

The average power handling capability of roger can be calculated by the using

equations 4.1, 4.2, 4.3 as per the following details:

Calculation of attenuation coefficient due to conductor strip given by the relation.

dB\  8.686R,
— ) = 412
Qe < m ) Z W ( )
R, — T LHe (4.13)
g

Putting the values in the above equations results Ry = 0.0136

Putting the value in equation above

o (d—B> =0.733 (4.14)

m

The relation gives calculation of attenuation coefficient due to dielectric loss

m Ao

273\ /e tan &
o <d_B) _ 273 /& tand (4.15)

g (d—B> = 0.46 (4.16)

m

Since rise in temperature in degree Celsius per unit watt is given by the following

relation

AP, APd) C (417)

h
AT = —
K ( We + QWeff Watt
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Where
AP, =1 — ¢(70:2303ac) (4.18)
AP, =0.154 (4.19)
And
APy =1 — e(70:2303aq) (4.20)
AP; = 0.10 (4.21)
Where
1207h
W, = 4.22
and
Wers(0) =W
Were =W + 4.23
i T (T, (4:23)
where
377h
We.r(0) = —— = 0.00039 4.24
Wepr(0) =W
Were =W + 4.25
i T (T, (4:25)

Wess = 0.00325m (4.26)
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Putting values in main equation to calculate change in temperature per unit watt

o

Watt

AT = 0.2296 (4.27)

If the maximum operating temperature is 100 C° and ambient temperature is 25
C° Then the average power handling is

Py, = (Tmax - Tamb)/AT

P,, = 331Watts (4.28)

Since proposed amplifier is providing peak output power of 1 KW with 10 percent
duty cycle, so the average power is around 100W. From above results, it can be
seen that micro strip transmission line can handle power levels up to 331W average

power

4.4 Designing in ADS-2016

Initially 2 way Wilkinson power divider/ combiner using ideal transmission lines
is implemented in ADS for proof of concept given in chapter 2. Schematic was
designed in ADS and its S-parameters simulations were performed. Figure 4.4

depicts schematic design in ADS. In S parameter simulations it was observed that

~ L |
o . TLIN . TLIN R - TermG . .
] TL4 Le’m?zz
Z=70.710Chm § _ . .Z=50.0 Chm SRl o
E=90 R E=0 —a0hm
F=2.85GHz < R F=2.85 GHz
i - R=100 Ohm i
TermG1 %;N
Num=1 Z=50.0 Ohm
|Z=5000m. _gg . - . o L
. F=285GHz . L] { o o
: : TLIN : TLIN T - TermG . .
TL3 LS E Ler“"G;
Z=70.71 Ohm Z=50.0 Ohm um=
E=90  E=0 T
F=2.85 GHz F=2.85 GHz

FIGURE 4.4: 2 Way Wilkinson Ideal Transmission Line Simulation in ADS
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return loss better than -25dB is achieved across the frequncy band 2.7 to 3.0 MHz

as shown in Fig 4.5. In S parameter simulations it was observed that insertion loss

0

-20—

40—

-60—

dB(S(1,1))

-80—

-100—

-120 1 T 7 T T T 1 T "1 T 7]
20 22 24 26 2.8 3.0 3.2 3.4 36 3.8 4.0

freq, GHz

FIGURE 4.5: Return Loss of simulated 2-Way Wilkinson PCD

of around -3 dB is achieved across the frequncy band 2.7 to 3.0 MHz as shown in

Figure 4.6. In S-parameter simulations it was observed that isolation better than

-3.00

ADS

20 22 24 26 28 30 32 34 36 38 40
freq, GHz

FIGURE 4.6: Insertion Loss of simulated 2 Way Wilkinson PCD

-30 dB is achieved across the frequncy band 2.7 to 3.0 MHz as shown in Figure
4.7. After proof of concept the design needs to be implemented in hardware. For

that, the design is implemented on Rogers 5870 substrate.
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FIGURE 4.7: Isolation of simulated 2 Way Wilkinson PCD

4.4.1 2-way Divider / Combiner Layout

2-Way divider/ combiner layout is designed using microstrip transmission lines.
MLIN available in ADS component library was utilized to design microstrip.
Impedance and angle of each individual transmission line was calculated using

linecalc tool available in ADS. Values determine using Table 4.2, the layout was

Impedance(Z) | Angle (deg) | Length (mm) | Width(mm)
50 Q2 90° 18.78 2.27
70.71 Q 90° 19.14 1.27

TABLE 4.2: Impedance and Angle of each Transmission line

designed. Same is given in Figure 4.8. Since lumped component (resistor) is used
in a design so momentum Cosimulation is required to investigate the performance

of 2-way Divider / Combiner. Co-simulation Design is shown in Fig 4.9.

4.4.2 2-way Divider / Combiner Results

1. Insertion Loss
In Momentum Cosimulation it was observed that insertion loss of around -3
dB is achieved across the frequency band 2.7 to 3.0 MHz as shown in Figure
4.10.
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FIGURE 4.8: 2-way Wilkinson Divider/ Combiner Layout

@ S-PARAMETERS

b . - . ——
n Term1 SP1

SO | T . f——r— Num=1 - Start=2.5 GHz

L : . Z=50 Ohm - Stop=3.2 GHz

= Step=1.0 MHz

A=

R1 Term3
. R=1000hm Num=3
Z=50 Ohm

FIGURE 4.9: 2-way Wilkinson Divider/ Combiner Co-Simulation Design

2. Return Loss
In Momentum Cosimulation it was observed that return loss better than
-20.9 dB is achieved across the frequncy band 2.7 to 3.0 MHz as shown in
Fig 4.11.

3. Isolation
In Momentum Cosimulation it was observed that isolation better than -18

dB is achieved across the frequncy band 2.7 to 3.0 MHz as shown in Fig 4.12.

4.4.3 4-way Divider / Combiner Layout

4-Way divider/ combiner layout is designed using microstrip transmission lines.

MLIN available in ADS component library was utilized to design microstrip. Since
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FI1GURE 4.10: Insertion Loss Cosimulation of 2 way Wilkinson PCD
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FIGURE 4.11: Return Loss Cosimulation of 2 way Wilkinson PCD
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F1GURE 4.12: Isolation Cosimulation of 2 way Wilkinson PCD

T

—— =
i Terms
s Re1DOOhm = ¢ ¢ v - Nur=5 -
=50 Ohm

FIGURE 4.14: 4-way Divider / Combiner. Co-simulation Design

»a
Q
=
g
B
Q
4
-
7ol - .- -8 M. ..
ii |
2
L

lumped component (resistor) is used in a design so momentum Cosimulation is re-
quired to investigate the performance of 4-way Divider / Combiner. Co-simulation

Design is shown in Fig 4.14.
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4.4.4 4-way Divider / Combiner Results

1. Insertion Loss
In Momentum Cosimulation it was observed that insertion loss of better than

-6.28 dB is achieved across the frequncy band 2.7 to 3.0 MHz as shown in

Fig 4.17.
moé m7
freq=2.704GHz freq=3.003GHz
dB(S(2,3))=-25.648 dB(S(2,3))=-20.452
15—
1 m7
20
1 mé
25
e ]
= o -
o5 ]
[safan] 7
TTo 2]
35
.4o—f
‘45_IIII|IIII|IIII|IIII|IIII|IIII|IIII
25 26 27 28 2.9 3.0 3.1 3.2
freq, GHz

FIGURE 4.15: Insertion Loss Cosimulation of 4 way Wilkinson PCD

2. Return Loss
In Momentum Cosimulation it was observed that return loss better than
-17.7 dB is achieved across the frequncy band 2.7 to 3.0 MHz as shown in
Fig 4.16.

3. Isolation
In Momentum Cosimulation it was observed that isolation better than -20.45

dB is achieved across the frequncy band 2.7 to 3.0 MHz as shown in Fig 4.17.
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FIGURE 4.16: Return Loss Cosimulation of 4 way Wilkinson PCD
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FIGURE 4.17: Insertion loss Cosimulation of 4 way Wilkinson PCD
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4.4.5 8-way Divider / Combiner Layout

8-Way divider/ combiner layout is designed using microstrip transmission lines.

MLIN available in ADS component library was utilized to design microstrip. Since

FIGURE 4.18: 8-way Wilkinson Divider/ Combiner Layout

lumped component (resistor) is used in a design so momentum Cosimulation is re-
quired to investigate the performance of 8-way Divider / Combiner. Co-simulation

Design is shown in Fig 4.19.

FIGURE 4.19: 8-way Divider / Combiner Layout

4.4.6 8-way Divider / Combiner Results

1. Insertion Loss
In Momentum Cosimulation it was observed that insertion loss of better than
-9.25 dB is achieved across the frequency band 2.7 to 3.0 MHz as shown in
Fig 4.20.

2. Return Loss
In Momentum Cosimulation it was observed that return loss better than
-11.9 dB is achieved across the frequency band 2.7 to 3.0 MHz as shown in
Fig 4.21.

3. Isolation

In Momentum Cosimulation it was observed that isolation better than -20.45
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FI1GURE 4.20: Insertion loss Cosimulation of 8 way Wilkinson PCD
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FIGURE 4.21: Return loss Cosimulation of 8 way Wilkinson PCD
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dB is achieved across the frequency band 2.7 to 3.0 MHz as shown in Fig

4.22.
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F1GURE 4.22: Isolation Cosimulation of 8 way Wilkinson PCD

4.4.7 16-way Divider / Combiner Layout

16-Way divider/ combiner layout is designed using microstrip transmission

lines.

MLIN available in ADS component library was utilized to design

microstrip. Since lumped component (resistor) is used in a design so mo-

FIGURE 4.23: 16-way Wilkinson Divider/ Combiner Layout

mentum Cosimulation is required to investigate the performance of 8-way

Divider / Combiner. Co-simulation Design is shown in Fig 4.24.
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FIGURE 4.24: 16-way Divider / Combiner Layout

4.4.8 16-way Divider / Combiner Results

1. Insertion Loss

In Momentum Cosimulation it was observed that insertion loss of better than

-12.50 dB is achieved across the frequncy band 2.7 to 3.0 MHz as shown in
Fig 4.25.

freq=2.700GHz freq=3.000GHz
dB(S(1,2))=-11.878 dB(S(1,17))=-12.152

Moo tToNTLRITONCD
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TTTCDO -U-U-U%U%D'U 'U%
-14.0—
-14.5—

-15.0
[ I I [ [ [ [ [ [
260 265 270 275 280 285 290 29 300 305 310

freq, GHz

FIGURE 4.25: Insertion loss of Cosimulation of 16 way Wilkinson PCD

2. Return Loss

In Momentum Cosimulation it was observed that return loss better than

-14.6 dB is achieved across the frequncy band 2.7 to 3.0 MHz as shown in
Fig 4.26.
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FIGURE 4.26: Return Loss Cosimulation of 16 way Wilkinson PCD

3. Isolation

In Momentum Cosimulation it was observed that isolation better than -27.16

dB is achieved across the frequncy band 2.7 to 3.0 MHz as shown in Fig 4.27.
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FIGURE 4.27: Isolation Cosimulation of 16 way Wilkinson PCD
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4.4.9 16-Way Power Divider combiner Results Summary

1. Insertion Loss
Insertion loss came out to -12.181 dB to -12.50 dB over the entire frequency
band of 2700 MHz to 3000 MHz

2. Return Loss
Return loss is better than -18.656 dB over the entire frequency band of 2700
MHz to 3000 MHz

3. Isolation
Isolation is better than -25 dB over the entire frequency band of 2700 MHz
to 3000 MHz

4.5 Designing RF Amplifier

As discussed in chapter 2 RF transistor is used to amplify the incoming RF sig-
nal. To amplify the signal up to the power level of 75W in 2700 to 3000 MHz
frequency band, MACOM PH-2731-75L RF Transistor is selected. Specification
of the Transistor in tabulated in Table 4.3. Its data sheet is attached in appendix.
The objective of the research is to design transistor optimum input and output
impedance matching network. Impedance matching is being done by using smith

chart utility tool available in ADS.

F(GHz) | Z IN (Q)
2.7 6.9-j12.2
2.9 6.0-j11.7
3.1 5.2-710.0

TABLE 4.3: Input Impedance

4.5.1 Input impedance matching

The transistor input impedances available in data sheet are listed in Table 4.3.

The objective is to match these impedances to the impedance of incoming RF
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signal which is 50 for maximum power transfer from source to the input terminal

of transistor.

4.5.2 Transistor Input Impedance Matching Using Smith
Chart

Transistor input impedance matching is done by using smith chart utility tool
available in ADS[25] as shown in Fig 4.28.

Freg (GHz) Z0 (Ohms) Current Schematic SmartComponent
[27 IE |1 Mormalize | 2ND_STAGE_INPUT_0 [MPDR_ib:2ND, v

Define Source/Load Network Terminations...

1 Network Response
8.41% Deg

Max

Type
Mag A
Tracel

511 =

Trace2
R 511 -

Min

Start Freq: I:I Stop Freq: Reset

Network Schematic

[ Lock Source Impedance [ Lock Load Impedance < >
Gamma: (045215 | < [13aa32 | =z (216877 | 4 [17.6941 | Delete Selected Companent Set Defalts. .
VSWR: [2.65088 [RE lo.0z768 | 4 [0022m| 2o Value: Deg Less: [] 2000 | dBm

FI1GURE 4.28: Transistor Input Impedance Matching Using Smith Chart

Four-microstrip transmission lines are used whose impedances and angles are tab-

ulated in table 4.7: After that, transistor input impedance matching network is

Impedance, Z(2) | Angle (Deg)
TLIN 1 | 46 D7
TLIN 2 | 25 14
TLIN 3 | 18.1 17.466
TLIN 4 | 8.8 18.6

TABLE 4.4: Impedance and Angle

designed and simulated using ideal transmission lines shown in figure 4.29. In
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FIGURE 4.29: Designed and Simulated Using Ideal Transmission Lines

simulations it is observed that Return loss had better than -18.3 dB in 2700 to
3000 MHz frequency band is achieved successfully. The result implies that in-
put matching network is designed perfectly. Return Loss of simulated impedance

matching network is shown in figure 4.30.

m 1 m?2
freq=2.702GHz freq=2.998GHz
dB(S(1,1))=-36.186 dB(S(1,1))=-18.338
LS G_
-10—:
7] m|2
= 0
ST 30 1
-40—:
50— | | | | | | |

| |
250 255 260 265 270 275 280 285 290 295 3.00
freq, GHz

F1GURE 4.30: Return Loss of Simulated Impedance Matching Network

After achieving the required results using ideal transmission lines the next step is to
implement matching network in hardware. For this purpose design is implemented
in Rogerss 5870 substrate. The dimensions of microstrip lines computed using

linecalc tool are tabulated in table 4.5.
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Transmission line sections | Trace Width(mm) | Trace Length(mm)
TLIN 1 2.58 12.50
TLIN 2 5.85 2.988
TLIN 3 8.643 3.681
TLIN 4 18.14 3.856

TABLE 4.5: Trace Width and Trace Length

The schematic is designed in ADS using MLIN component available in ADS library

as shown in figure 4.31. Afterwards design layout is implemented in ADS using

- MSub -

MSUB
MSub1
"H=0.787 mm
Er=2.3
- Mur=1 :
. Cond=1.0E+50.
Hu=10 mm
T=.00035 um
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. Bbase= .
Dpeaks=

i

 5-PARAMETERS . I o

S_'Pa'rarh
sP1
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Step=1.0GHz .

+ TF  Term .
Vetth1 ~ MLIN MLIN MLIN Term2
Mdm=1 TL2 TL3 TL4 Num=2

i

it Ianm I_"‘-l l_"‘-l |_'+|

F1GURE 4.31: MLIN Component Available in ADS Library

SAASB=C SBu U bst="M SuElUbst="M Sul8lbst="M $ubT=50 Ohm
W=2.58 mm W=5.85 mm W=8.63 mm W=18.1 e
L=12.50 mm [.=2.988 mm L.=3.681 mm L.=3.856

MLIN microstrip transmission lines available in ADS as shown in figure 4.32. Next

step is to implement momentum Cosimulation to compute the results of input

matching network. Design is shown in figure 4.33.

4.5.3 Results

In momentum co-simulation results, it was observed that return loss better than

-16.8dB in 2700 to 3000MHz frequency band is achieved which implies that input

matching network is designed successfully. Result of return loss is shown in figure

4.34.
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FIGURE 4.32: Microstrip Transmission Lines Available In ADS
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FI1GURE 4.33: Results of Input Matching Network
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FI1GURE 4.34: Return Loss of input matching network

4.5.4 Transistor output Impedance matching

The transistor output impedances available in data sheet are listed in Table 4.6.
The objective is to match these impedances to the impedance of RF signal which

is 50 2 for maximum power transfer from output terminal of transistor to the load.

F(GHz) | Z OUT (Q)
2.7 4.5-i6.8
2.9 3.9-16.1
3.1 3.4-j4.8

TABLE 4.6: Output Impedance

4.5.5 Transistor Output Impedance Matching Using Smith
Chart

Transistor output impedance matching is done by using smith chart utility tool
available in ADS as shown in Fig 4.35. Eight micro strip transmission lines are

used whose impedances and angles are tabulated in table 4.7.



DESIGN, SIMULATIONS AND MEASUREMENTS

o6

Define Source Load Network Terminations. ..

[ Lock Source Impedance

Gamma: 0.09502 < -33.1235 I
VSWR: 1.20998 Y:

FIGURE 4.35:

[ Lock Load Impedance

[L1se02 | [or2218 |

[ose30 | + [o.0ss83 |

Network Response
Max

Type

Mag -

Tracel

s11 -

Trace2

si1 -
Start Freg: Stop Freq: Reset
Network Schematic

@ﬁ

< >

Delete Selected Companent Set Defaults...

Zo: Value: Deg Loss: [] =.000 dB/m

Smith Chart Utility Tool Available in ADS

Impedance, Z(2) | Angle (Deg)
TLIN 1 | 46 o7
TLIN 2 | 25 14
TLIN 3 | 18.1 17.4
TLIN 4 | 8.8 18.6
TLIN 5 | 5.1 15
TLIN 6 | 4.3 16.4
TLIN 7 | 3.1 17.2
TLIN 8 | 2.6 13

TABLE 4.7: Impedance and Angle

After that, transistor input impedance matching network is designed and simulated

using ideal transmission lines shown in figure 4.36. In simulations it is observed
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F1GURE 4.36: Designed and Simulated Using Ideal Transmission Lines

that Return loss better than -11.3 dB in 2700 to 3000 MHz frequency band is
achieved successfully. The result implies that output matching network is designed
perfectly. Return Loss of simulated impedance matching network is shown in

figure 4.37. After achieving the required results using ideal transmission lines
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FI1GURE 4.37: Return Loss of Simulated Impedance Matching Network

the next step is to implement matching network in hardware. For this purpose

design is implemented in Rogerss 5870 substrate. The dimensions of microstrip

lines computed using line calc tool are tabulated in table 4.8. The schematic

Transmission line sections | Trace Width(mm) | Trace Length(mm)
TLIN 1 2.58 12.502

TLIN 2 5.85 2.988

TLIN 3 8.643 3.681

TLIN 4 18.14 3.856

TLIN 5 20.32 3.581

TLIN 6 23 2.856

TLIN 7 26.76 10.507

TLIN 8 29.10 4.988

TABLE 4.8: Trace Width and Trace Length for Eight Tranmission lines

is designed in ADS using MLIN component available in ADS library as shown

in figure 4.38. Afterwards design layout is implemented in ADS using MLIN

microstrip transmission lines available in ADS as shown in figure 4.39. Next step

is to implement momentum Cosimulation to compute the results of input matching

network. Design is shown in figure 4.40.
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F1GURE 4.38: MLIN Component Available In ADS Library

FIGURE 4.39: MLIN Microstrip Transmission Lines Available In ADS
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FIGURE 4.40: Results Of Input Matching Network

4.5.6 Result

In momentum co-simulation results, it was observed that return loss better than

-8.9dB in 2700 to 3000MHz frequency band is achieved which implies that output

matching network is designed successfully. Result of return loss is shown in figure

4.41.
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FIGURE 4.41: Result of Return Loss



Chapter 5

MEASUREMENT RESULTS
AND DISCUSSION

5.1 Introduction

The measurement for the current thesis can be divided into two main parts, results
of 16 way divider/ combiner measured using vector network analyzer part number
E5071C[26]. After that testing of complete amplifier design along with 16 way

divider / combiner was implemented.

5.2 Test setup of 16-way Power Divider/ Com-

biner

To evaluate performance of 16 way Divider / Combiner prototype is physically
tested with Agilent vector network analyzer part number E5071C[27]. S parame-
ters are recorded to validate the performance. Input from VNA is feed to port 1
while the output is taken from port 2 to port 17. Since VNA is a two port device
therefore 15 remaining port were terminated with 50 load [28]. Test setup diagram

is shown in Figure 5.1.
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FIGURE 5.1: Testing of 16:1 Power Divider/ Combiner with Vector Network
Analyzer

5.2.1 16-way Power Divider/ Combiner Measured Results

Scattering parameters are measured to estimate Insertion loss. Insertion loss mea-
sured at port 2 is displayed in Figure 5.2. The data collected from port2 to port17
is tabulated in the Table 5.1.

1 Stat27GH _ TFRW 70 ke = Stop 3.1 GHz IEE|

FIGURE 5.2: Measured Results of 16:1 Power Divider / Combiner



MEASUREMENT RESULTS AND DISCUSSION 62

Insertion Loss(dB) | 2.7GHz | 2.8GHz | 2.9 GHz | 3.0 GHz
S21 -12.553 | -12.596 | -12.633 -12.685
S31 -12.412 | -12.466 | -12.621 -12.688
S41 -12.544 | -12.506 | -12.590 -12.576
SH1 -12.325 | -12.588 | -12.644 -12.544
S61 -12.466 | -12.612 | -12.690 -12.566
S71 -12.621 -12.624 | -12.498 -12.671
S81 -12.783 | -12.429 | -12.689 -12.689
591 -12.590 | -12.661 | -12.577 -12.694
5101 -12.541 | -12.577 | -12.611 -12.734
S111 -12.447 | -12.499 | -12.476 -12.722
S121 -12.544 | -12.510 | -12.492 -12.667
S131 -12.559 | -12.568 | -12.621 -12.632
S141 -12.355 | -12.598 | -12.587 -12.651
S151 -12.422 | -12.499 | -12.729 -12.597
5161 -12.509 | -12.523 | -12.677 -12.584
S171 -12.412 | -12.589 | -12.680 -12.624

TABLE 5.1: Insertion Loss in dB

5.3 Comparison of Simulated and Measured Re-

sults

The data collected from measurements and simulations is plotted on the graph in

MATLAB as shown in Figure 5.3.

5(2,1)

3 a2
Frequency (GHz)

FIGURE 5.3: Measurements and Simulations Results
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Comparison of simulated and measured results are tabulated in Table 5.2.

Insertion Loss at out- | Simulated | Measured Sim- | Measured
put ports Results Results ulated Results
at 2.7 | at 2.7 | Results at 3.0
GHz GHz at 3.0 | GHz
GHz

Insertion Loss at Port 2 | -11.872 -12.553 -12.143 -12.685
Insertion Loss at Port 3 | -12.112 -12.412 -12.353 -12.688
Insertion Loss at Port 4 | -12.324 -12.544 -12.656 -12.576
Insertion Loss at Port 5 | -12.184 -12.325 -12.487 -12.544
Insertion Loss at Port 6 | -11.982 -12.466 -12.543 -12.566
Insertion Loss at Port 6 | -12.429 -12.621 -12.633 -12.671
Insertion Loss at Port 7 | -12.564 -12.783 -12.766 -12.689
Insertion Loss at Port 8 | -12.185 -12.590 -12.872 -12.694
Insertion Loss at Port 9 | -11.655 -12.541 -12.674 -12.734
Insertion Loss at Port 10 | -12.336 -12.447 -12.432 -12.722
Insertion Loss at Port 11 | -12.324 -12.544 -12.766 -12.667
Insertion Loss at Port 12 | -12.244 -12.559 -12.566 -12.632
Insertion Loss at Port 13 | -11.776 -12.355 -12.764 -12.651
Insertion Loss at Port 14 | -12.673 -12.422 -12.893 -12.597
Insertion Loss at Port 15 | -12.877 -12.509 -12.236 -12.584
Insertion Loss at Port 16 | -12.335 -12.412 -12.187 -12.624

TABLE 5.2: Comparison of Simulated and Measured Results

5.4 Test setup for Amplifier Testing

RF Signal Generator Part Number E4428C Agilent is used to generate RF signal
in 2.7 GHz to 3.0 GHz frequency band with the pulse modulation [29]. Duty cycle
of amplifier is 10 %. RF signal level taken from device is +30 dBm. Low loss
RF cable is used to feed pre-amplifier, cable loss is around 0.2 dB in 2.7 GHz to
3.0 GHz band. Pre-Amplifier is used to drive power amplifier which has an O/P
power of around 54dBm.

High power amplifier O/P cannot feed directly to Spectrum Analyzer Part number
E4440A Agilent. Since it has maximum limit to measure power of +30 dBm, so
high power Attenuator DTS-500 of 50 dB (500W) is used to protect signal ana-
lyzer test setup|[30].
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In the first part of testing, 16-way divider/ combiner was tested using VNA as
discussed above. In measurements, it was seen that there was a slight variation of
around 0.5 dB in insertion loss results as compared to the simulated results. This
may be because of insertion of RF connectors and RF cables [31].

In the next part, RF amplifier was tested. RF amplifier was producing output
power of more than 1 KW in the operating band, implies that the matching net-

works designed for RF power transistors are working fine.

430 dBm 29.8 dBm 54 dBm

POWER
RF SIGNAL AMPLIFIER
GENERATOR (DUT)
60-62 dBm
1000-1400W

SPECTRUM ATTENNUATOR
ANALYZER 50dB —_— |
‘

FIGURE 5.4: Block diagram of Test Setup

FIGURE 5.5: DUT Test Setup

5.5 Results

The results of the designed and fabricated device under test in test setup as shown

in the figure 5.5 depicts that average amplification of 60dB with in the frequency
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band of 2.7Ghz to 3.0 Ghz is achieved as per requirements. The output powers

viz-a-viz transmitted frequencies are shown in the table 5.3.

Frequency Output
Power
2.7 60.84
2.8 60.26
2.9 61.24
3.0 59.97

TABLE 5.3: Frequency Output Power



Chapter 6

CONCLUSIONS AND FUTURE
WORK

6.1 Conclusion

Efficient and functional form 1:16 Wilkinson Based power divider and combiner
along with amplifier impedance matching has been successfully designed, simu-
lated, fabricated and tested. The behaviors and properties of said Power divider/-
combiner have been studied when designing 1:16 way power divider/ combiner
and amplifier circuit. First, the design methodology is implemented using ideal
transmission lines on ADS 2016 for proof of concept. After that, the design is
implemented in hardware on Rogers RT/Duroid 5870 substrate and simulated.
Simulation results showed that insertion loss of -12.5 dB with return loss of -
18.565 dB and isolation of -25dB was achieved in case of power divider/ combiner.
After achieving these results, PCB was designed for fabrication. After fabrication,
module was tested for measurements from Agilent vector network analyzer part
number E5071C. Measured results showed that isolation of around -25.5 dB and
insertion loss of -12.14dB was achieved successfully. Furthermore the amplifier
design was successfully matched with designed power divider/combiner to achieve

the output power of 1000 W with the custom size and design. The output power
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was checked at Agilent Spectrum Analyzer Part number E4440A with the setup
as mentioned in previous chapter. Things that learned are that practical work
needs patience and special skills: linking theoretical design parameters with the
simulated and measured ones, and producing RF layout PCB and taking mea-

surements using test equipment, such as signal generator, spectrum analyzer and

VNA related skills.

6.2 Future Work

Although a lot of development has been done in the field of power divider/ com-
biners and amplifier designs of radar RF power transmitters, still room for im-
provement for custom based requirement is available. With the advancement in
radar technology, there is a need of miniaturization and cost effective solution. The

insertion loss can be further be improved in case of power divider/ combiners.



Appendix A

Bill of Materials

Sr.No. | Description Part No. QTY
1 Power Transistor-MACOM | PH 2731-75L | 16
2 Load 502 909F 15
3 SMA-Connector SMA-50KKF | 02
4 Resistor RFP-30- 100R | 24
5 SMD Capacitors SMTC 1206 16
6 Electrolytic Capacitor 63V100UF 16
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Radar Pulsed Power Transistor

PH 2731-75L Datasheet
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